Phosphorus (P) is an essential nutrient for marine phytoplankton but its preferred form, dissolved inorganic phosphorus (DIP), is often limited in the euphotic zone of the ocean. Many phytoplankton species have developed the ability to utilize dissolved organic phosphorus (DOP) such as phosphoesters or phosphonates. Phosphonates are characterized by the stable C-P bond and its utilization is known to rely on either a C-P lyase pathway or C-P hydrolase pathways in bacteria. In this study by transcriptomic analysis we detected the genes encoding the C-P hydrolase pathway enzymes PhnW and PhnX in Karlodinium veneficum and other dinoflagellates. However, we found that these dinoflagellates are unable to utilize the presumably dominant type of phosphonate in the ocean, 2-aminoethylphosphonic acid (2-AEP), under the antibiotic-treated condition. In accordance, our RT-qPCR and proteomic analyses of K. veneficum grown on 2-AEP showed no up-regulation of PhnW and PhnX at both transcriptional and translational levels. Nevertheless, the genes related to phosphonate biosynthesis and utilization were widely found in dinoflagellates. Taken together our results suggest that the PhnW-PhnX pathway in dinoflagellates may serve for intracellular phosphonate metabolism instead of scavenging environmental phosphonates.
INTRODUCTION
Phosphorus (P) is an essential nutrient for the growth of marine phytoplankton and it is considered as the ultimate limiting nutrient of primary production in the global ocean (Tyrrell, 1999) . The P reservoir in the ocean comprises dissolved inorganic phosphorus (DIP, mainly orthophosphate or Pi) and dissolved organic phosphorus (DOP). Pi is typically the preferred form (over DOP) of P nutrient and rapidly taken up by phytoplankton while its recycling from the remineralization of sinking organic matters and continental weathering is rather slow (Karl, 2014) . Thus, Pi is usually depleted in the euphotic zone and more abundant at greater depths, a vertical trend opposite to that of DOP (Tyrrell, 1999; Paytan and McLaughlin, 2007) . Pi limitation has been shown to constrain primary production (Karl, 2014; Lin et al., accepted) and nitrogen fixation (Sañudo-Wilhelmy et al., 2001; Mills et al., 2004) in marine ecosystem. In response, marine phytoplankton have evolved many strategies to cope with Pi-limitation, e.g., maximizing Pi uptake efficiency, mobilizing intracellular P storage such as polyphosphate . Phytoplankton can also lower cellular demand of P under Pi-limitation by substituting some of the phospholipids in cell membrane with sulfur-and nitrogen-containing lipids (Snyder et al., 2009; Van Mooy et al., 2009; Wurch et al., 2011 ). Yet, one of the most important mechanisms to cope with Pi deficiency is to hydrolyze various forms of DOP in the ocean to yield phosphate (Dyhrman et al., 2007) . It has been estimated that 30% of the primary production is supported by DOP during the boreal spring in the Northern Atlantic subtropical gyre (Mather et al., 2008) .
Phosphoesters (C-O-P bond) and phosphonates (C-P bond) are the two dominant classes of DOP in the ocean and contribute roughly 75 and 25% of the high-molecular-weight DOP reservoir in the ocean respectively (Clark et al., 1998; Kolowith et al., 2001 ). Hydrolysis of phosphoesters by enzymes such as alkaline phosphatase (AP) has been described in both prokaryotic and eukaryotic lineages (Duhamel et al., 2010; Lin et al., 2012a) . However, utilization of phosphonates is currently only known in bacteria (Kononova and Nesmeyanova, 2002; Dyhrman et al., 2006) .
Phosphonates are organophosphorus compounds that contain the chemically stable carbon-phosphorus (C-P) bond and are produced in many organisms including marine invertebrates (Quin, 1965) and cyanobacteria . Anthropogenic phosphonates are also widely introduced into the environment, for instance use of glyphosate herbicide in agriculture (Nowack, 2003; Hove-Jensen et al., 2014) . Phosphonate utilization by bacteria has been attributed to either C-P lyase pathway or C-P hydrolase pathways (Quinn et al., 2007; McGrath et al., 2013) . C-P lyase pathway regulates the hydrolysis of a broad range of phosphonate substrates, as demonstrated in bacteria (White and Metcalf, 2004; Dyhrman et al., 2006) . One of the most important C-P hydrolase pathways so far found in bacteria (VillarrealChiu et al., 2012) and some cyanobacteria (Gomez-Garcia et al., 2010) is the phosphonatase pathway (PhnW-PhnX pathway). It acts specifically on 2-aminoethylphosphonic acid (2-AEP), which together with its derivatives, is the predominant phosphonate detected in marine invertebrates, and potentially an important and prevalent source of phosphonates in the ocean (Quin and Quin, 2001; McGrath et al., 2013) . Phosphonatase pathway consists of two steps of biochemical reactions (Jiang et al., 1995) . The 2-AEP-pyruvate transaminase (PhnW; EC 2.6.1.37) first catalyzes the transamination of 2-AEP to produce alanine and phosphonoacetaldehyde (Kim et al., 2002) , and subsequently phosphonoacetaldehyde is transformed to acetaldehyde and phosphate by phosphonoacetaldehyde hydrolase (PhnX; also known as phosphonatase; EC 3.11.1.1; Morais et al., 2004) . It has remained unexplored whether eukaryotic phytoplankton are able to utilize phosphonates as a source of P.
In this study, we conducted experiments to examine whether dinoflagellates, one of the most important lineages of eukaryotic phytoplankton, possess the enzyme system to utilize phosphonates. We detected both PhnW and PhnX of the phosphonatase pathway in dinoflagellates, but observed no ability of these algae to scavenge environmental 2-AEP. Our further experiments indicated that bacteria would be an important mediator for dinoflagellates to exploit phosphonates for Pi from the marine environment.
MATERIALS AND METHODS

Algal Cultures and Phosphorus Treatments
Four species representing four major orders (Gymnodiniales, Prorocentrales, Gonyaulacales, Suessiales) of the dinoflagellate phylum were used in this study. Karlodinium veneficum strain CCMP2778 and Symbiodinium kawagutii strain CCMP2468 were obtained from the Provasoli-Guillard National Center for Marine Algae and Microbiota (NCMA) in Boothbay Harbor, Maine, USA. Prorocentrum donghaiense and Alexandrium pacificum (formerly A. catenella) were provided by Center for Collections of Marine Bacteria and Phytoplankton of Xiamen University. These algal strains were maintained in L1 medium made with seawater (salinity, 28 PSU), which was filtered through 0.22-µm membranes and autoclaved. Cultures were grown at 20 • C under a L: D = 14 h: 10 h photocycle with a photon flux of 120 ± 10 µE·m −2 ·s −1 .
The algal cultures were first grown in low-Pi L1 medium until the DIP in the culture were depleted (<0.5 µM). The P-limited cultures were then inoculated into media with different P nutrient conditions: P-replete (36 µM DIP), P-depleted (<0.5 µM DIP), and 2-AEP (<0.5 µM DIP but amended with 36 µM 2-AEP; 2-AEP from Sigma-Aldrich, St. Louis, MO, USA), each in triplicate. In antibiotic-treated cultures, 1 × KAS antibiotics (final concentration 100 µg/L ampicillin, 50 µg/L kanamycin and 50 µg/L streptomycin) were added. Cell counts were carried out using a Sedgwick-Rafter counting chamber (Phycotech, St. Joseph, MI, USA). DIP was measured using the molybdenum blue method (Timothy et al., 1984) . Cells were collected by centrifugation and resuspended in 1 mL Trizol reagent (MRC, Cincinnati, OH, USA) and stored at −80 • C for subsequent RNA and protein extraction.
Examination of Bacterial Involvement in Phosphonate Utilization
The non-antibiotic-treated dinoflagellates were first acclimated to the 2-AEP condition until significant increase in growth was observed compared to the P-depleted groups. Each of the treatments was then equally split into two portions, one remaining unchanged as the control and the other being gently filtered through autoclaved 3-µm polycarbonate membrane (vacuum <10 psi) to collect the filtrate, which contained the bacteria from the culture and excluded the algae. For K. veneficum and A. pacificum, both the control and the filtrate were inoculated into fresh medium containing 2-AEP, while the divided portions of P. donghaiense were incubated in the previous media. The DIP concentrations in both the algal and the filtrate (bacterial) cultures were measured. Thus, the increase of DIP concentration in the filtrate cultures would be attributed to the hydrolysis of 2-AEP by the bacteria existing in the cultures.
DNA contamination (Lin et al., 2010) . The first strand cDNA was synthesized using ImProm-II ™ Reverse Transcription System (Promega, Madison, WI, USA). Specific primers (Supplementary  Table S1 ) were designed for both 3 ′ -and 5 ′ -RACE based on the partial sequences identified from dinoflagellate-specific spliced leader (DinoSL) based cDNA libraries of K. veneficum (Lin et al., unpublished) . The 21-bp highly conserved DinoSL was used as the 5' forward primer for the 5 ′ -RACE (Zhang et al., 2007; Lin et al., 2010) .
Computational Characterization of PhnW and PhnX
A set of online programs was used to characterize PhnW and PhnX in K. veneficum deduced from their respective cDNA sequences. The signal peptide was determined by SignalP V4.0 (Petersen et al., 2011) . PredGPI (Pierleoni et al., 2008) was used to locate the glycosylphosphatidylinositol (GPI) anchor in the deduced protein sequence. TMpred (Hofmann, 1993) was used to predict transmembrane domains. Four existing computational models, Interpretable Subcellular Localization Prediction (YLoc, Briesemeister et al., 2010) , Euk-mPLoc2.0 (Chou and Shen, 2008) , WoLF PSORT (Horton et al., 2007) , and CELLO (Yu et al., 2006 ) were adopted to predict subcellular localizations of PhnW and PhnX. The reliability of these programs had previously been verified for alkaline phosphatase (Lin et al., 2012a) . The likelihood of the predicted enzyme localization was ranked according to the number of the models that supported the prediction.
Search of Genes Related to Phosphonate Metabolism in Dinoflagellates
In addition to the phosphonatase pathway genes phnW and phnX, phosphoenolpyruvate mutase (pepM) and phosphonopyruvate decarboxylase (ppd), the two major phosphonate synthesis genes were also included in the data mining in dinoflagellates. Sequences of phnW, phnX, pepM, and ppd from K. veneficum were used as queries to blastp against available dinoflagellate genomic and transcriptomic data sets, including the genomes of S. kawagutii (Lin et al., 2015) and Symbiodinium sp. clade B1 (http://marinegenomics.oist.jp/ genomes/gallery/), and the transcriptomic datasets in CAMERA (http://camera.crbs.ucsd.edu/ddc/). The threshold E-value was set as e-05. Keyword search was also carried out to get all possible related sequences from CAMERA. All the sequences acquired from those datasets were further confirmed by blastp against NCBI GenBank database.
RT-qPCR Measurement of phnW and phnX Transcript Abundances
Specific primers applicable for all isoforms of each gene (Supplementary Table S1 ) were designed for RT-qPCR to examine the differential expression of phnW and phnX under different P conditions. Calmodulin (calcium-modulated protein; KM275627) and gapdh (glyceraldehyde-3-phosphate dehydrogenase; KM275628) were used as the reference genes because of relative stable expression previously reported for the dinoflagellate P. donghaiense (Shi et al., 2013) . For standard curves, a PCR product for each gene was prepared in ten-fold dilution series (10 3 -10 7 copies per µL) (Lin et al., 2012b) . RTqPCR was performed using Bio-Rad iQ SYBR Green Supermix kit (Bio-Rad Laboratories, Hercules, CA, USA) with all the reactions set up in triplicate for each gene. Relative transcript levels of these genes were calculated in three ways to facilitate comparison: normalized to the amount of total RNA equivalent to the amount of cDNA used in each reaction, to each cell, and to the expression levels of the two reference genes.
Proteomic Analysis to Identify Differentially Expressed Proteins Under Different P Conditions in K. veneficum
We used iTRAQ (isobaric tags for relative and absolute quantitation) method to study the proteome of K. veneficum collected from the three P conditions as described above. About 3 × 10 7 cells were harvested from each culture and protein was extracted as previously reported (Li et al., 2013) . 100 µg total protein from each sample was used for iTRAQ Labeling. LC-ESI-MS/MS analysis was then performed on TripleTOF 5600 System (AB SCIEX, Concord, ON), followed by protein identification through Mascot search engine (Matrix Science, London, UK; version 2.3.02) against annotated transcriptome data (Lin et al., unpublished) .
For protein quantitation, the quantitative protein ratios were weighted and normalized by the median ratio in Mascot. The criteria as fold changes >1.2 and p < 0.05 was adopted to depict significantly differentially expressed proteins. Functional annotations of the proteins were conducted using Blast2GO program against NCBI non-redundant (nr) protein database. The KEGG database (http://www.genome.jp/kegg/) and the COG database (http://www.ncbi.nlm.nih.gov/COG/) were used to classify and group these identified proteins.
Antibody Preparation and Western Blot Analysis of PhnX Abundance
The coding region of phnX was amplified by specific primers (Supplementary Table S1 ). Purified PCR products were cloned into pEasy-E2 expression vector and transformed into E. coli BL21 (DE3). Positive clones were grown in LB medium with 100 µg/mL ampicillin and 0.5 mM IPTG were added to induce the expression of the PhnX. The cells were harvested by centrifugation and then suspended in Tris buffer (50 mM TrisCl, pH 8.0) and homogenized by sonication. After removal of the cell debris by centrifugation, the supernatant was purified using Ni-NTA spin kit column (Transgen, Beijing, China). The protein was then used to immunize a rabbit (Japanese white rabbit) to generate a polyclonal antibody (Proteintech Group Inc., Wuhan, China).
Western blot analysis was conducted essentially following Lin et al. (1994) . K. veneficum cells were homogenized by ceramic bead (0.5 mm) beating on FASTPREP-24 instrument (MP, Santa Ana, CA, USA) to obtain the crude total protein. An equal amount of total protein (15 µg) from each sample was used in SDS-PAGE gel electrophoresis. We used PhnX antiserum diluted 1:5000 for the first incubation and anti-rabbit polyclonal antibody diluted 1:10,000 for the second incubation.
RESULTS
Identification and Characterization of PhnW and PhnX in K. veneficum
Full-length cDNAs of the two genes were obtained in this study, with existence of DinoSL at the 5' UTR of these gene transcripts indicating the dinoflagellate origin (Supplementary Figure S1) . PhnW is 1221 bp long encoding a deduced protein of 406 amino acid residues giving a molecular mass of 44.5 kDa, while phnX is 717 bp encoding a 25.5 kDa protein with 238 amino acid residues. Blastp analyses showed that these genes matched well-characterized homologs with very strong statistical significance (E-values < e-30; Supplementary Table S2) . We did not detect signal peptides, GPI anchor, or transmembrane domains, suggesting that both the PhnW and PhnX are probably not membrane-associated proteins in the dinoflagellates. Further computational analysis of subcellular localizations showed that PhnW is most likely to be located in the mitochondria while PhnX most likely in the cytoplasm (Supplementary Table S3 ).
Genes Related to Phosphonate Metabolism in Taxonomically Diverse Dinoflagellates
Results from our data mining on PhnW, PhnX, PepM, and Ppd demonstrated the presence and expression in a wide Table S2 ) and good alignments of these protein sequences with representative sequences from bacteria showed that they all share conserved regions (Supplementary Figure S2) . Out of the examined 30 species from seven orders (gonyaulacales, gymnodiniales, oxyrrhinales,
FIGURE 1 | Growth curves (A), DIP concentrations (B)
, and transcript abundances of phnW and phnX normalized to calmodulin (C,D) in K. veneficum grown under different P conditions. Solid circles, P-replete condition; solid triangles, P-depleted condition amended with 2-AEP; open circles, P-depleted condition. 
2-AEP Investigated as Sole P Source in Normal Culture of K. veneficum
To determine whether phnW and phnX are able to facilitate the utilization of phosphonate by K. veneficum, 2-AEP was supplied as the sole P source in the culture medium. In the 2-AEP group, only a minimum growth was observed in the first 6 days, but after that there was a remarkable increase of cell concentration compared to that in P-depleted group (Figure 1A) , indicating that 2-AEP could be utilized as a sole P source to support the growth of K. veneficum. DIP concentration in the 2-AEP group was the same as that in the P-depleted group initially, but later showed slight but significant increase ( Figure 1B ; p < 0.05), and DIP accumulation increased remarkably after day 14 (from 0.32 µM in the 14th day to 8.52 µM in the 16th day), suggesting that 2-AEP had been hydrolyzed to release phosphate into the culture.
Transcriptional and Translational Regulation of PhnW and PhnX
When normalized to the same amount of RNA (5 ng) equivalent to the amount of cDNA used in RT-qPCR and normalized to per cell basis, the expression levels of both phnW and phnX showed no up-regulation in the 2-AEP culture compared to P-replete culture (Supplementary Figures S3A-D) . When phnW transcript abundance was normalized to calmodulin, the expression level in the 2-AEP culture was between that in P-replete and the Pdepleted conditions (p < 0.05; Figure 1C) . A different pattern was found in phnX, which showed similar expression levels between the P-depleted group and the 2-AEP group but a higher expression level than that in the P-replete group (p < 0.05; Figure 1D ). This trend remained when phnW and phnX were normalized to gapdh (Supplementary Figures S3E,F) . To examine whether the lack of transcriptional up-regulation of PhnW and PhnX genes were because these genes are regulated at the translational level, we further investigated PhnW and PhnX protein abundances. From the iTRAQ proteomic analysis for K. veneficum grown under 2-AEP, Pdepleted, and P-replete conditions, 4922 proteins were identified (Supplementary Figure S4) , including some proteins related to phosphonate metabolism and phosphate transportation such as Ppd, PhnW, and PhnX ( Table 2) . Comparative proteomic analysis did not show differential expression of PhnW under different P conditions (Figure 2A) . The low expression level of PhnX precluded comparative proteomic analysis on this protein.
Western blot analysis showed that PhnX expression was lower in the 2-AEP and P-depleted treatment groups than that in the P-replete group (Figures 2B,C) .
Bacterial Involvement in Phosphonate Utilization
To find out whether the delayed dinoflagellate growth promoting effect of 2-AEP was mediated through bacteria, we conducted new experiments to compare the growth in antibiotic-treated cultures with that in the normal (non-antibiotic-treated) cultures, in which 2-AEP were provided as sole P-source. Because K. veneficum was very sensitive to antibiotics-treatment, it was excluded from this experiment, which involved P. donghaiense, A. pacificum, and S. kawagutii. Our results showed that in the normal cultures 2-AEP supported growth of these dinoflagellates, whereas in the antibiotic treatment cultures, hardly any growth was observed in the 2-AEP groups, similar to the P-depleted group (Figure 3) . Besides, in the 2-AEP condition of the normal cultures, both K. veneficum ( Figure 1A) and P. donghaiense ( Figure 3C) showed a lag period of about 6 days before net growth was noticed while in A. pacificum ( Figure 3A) and S. kawagutii ( Figure 3E ) the lag period was within 2 days.
To further confirm that the utilization of 2-AEP was contributed by bacteria, we introduced the 3 µm-filtrate (i.e., bacteria-containing medium) from the 2-AEP cultures of A. pacificum, P. donghaiense, and K. veneficum into two new sets of cultures, one with original dinoflagellate species, and the other just medium without algae, and DIP was measured subsequently. The results showed that both the cultures with or without algae showed an increase in DIP concentration (except for the P. donghaiense cultures with algae, in which the released Pi appeared to be quickly consumed to support the fast growth of algal population; Figure 4 ), indicating that a substantial amount of 2-AEP was hydrolyzed by bacteria. The DIP concentration increased more rapidly in the cultures without algae than these with algae (p < 0.05), likely due to the consumption of phosphate by the algae.
DISCUSSION
Dinoflagellates constitute one of the most important eukaryotic phytoplankton groups in the marine ecosystem, and they contribute significantly to marine primary production in the coastal ecosystems, coral reef growth (by the genus of Symbiodinium), harmful algal blooms, and marine biotoxins. Previous studies have demonstrated the ability of dinoflagellates to utilize phosphoesters as a source of P in response to Pi limitation (Lin et al., 2011 (Lin et al., , 2012a . It has remained unclear whether phosphonates, the other important kind of DOP in the ocean, could be utilized by dinoflagellates as a sole P source. As the PhnW and PhnX based phosphonatase pathway in bacteria are known to specifically catalyze the cleavage of the presumably dominant kind of biogenic phosphonate in nature, 2-AEP, we set out to explore whether a similar mechanism operates in dinoflagellates. We found these two genes in a number of dinoflagellate species and their encoded proteins in the proteome of K. veneficum. Further experiments were carried out using culture and molecular methods to investigate the availability of 2-AEP as a P source to dinoflagellates. This is the first attempt to explore the bioavailability of phosphonates to any eukaryotic phytoplankton and some interesting insights can be derived from this study.
Absence of the Function to Utilize Phosphonate in Dinoflagellates
It appeared that 2-AEP was utilized as a P source in initial K. veneficum culture experiments, while no induction of PhnW and PhnX by 2-AEP was detected either at the transcriptional or the translational level. Instead, the lower PhnX protein expression levels in 2-AEP condition compared to P-replete condition showed that the intracellular 2-AEP metabolism or related P recycling in K. veneficum was also slowed down by Pi deficiency, despite the substantial amounts of 2-AEP in the extracellular environment. Further culture experiments showed that it was the bacteria instead of the dinoflagellates that were responsible for the release of phosphate from 2-AEP and dinoflagellates could not directly utilize 2-AEP as a P source.
We tried to obtain some insights into why dinoflagellates possess and express PhnW and PhnX genes but these genes are not functional in utilizing 2-AEP in the growth medium. Our computational prediction of subcellular localization showed that both PhnW and PhnX were intracellular enzymes, suggesting that transport of phosphonates into the cell would be required in order for the algae to be able to utilize 2-AEP in the external environment. Yet our search into dinoflagellate molecular datasets yielded none of the phosphonate transporters previously reported in bacteria such as PhnCDE and multicomponent 2-AEP transporter (Jiang et al., 1995; Dyhrman et al., 2006) . If any, phosphonate transporters in dinoflagellates must be far divergent from those in bacteria and cyanobacteria that they are currently unrecognizable.
Ecological Significance of Phosphonate Utilization through Bacteria in the Marine Environment
The results of our culture experiments indicated that although dinoflagellates were unable to directly utilize external phosphonates, bacteria present in the cultures effectively made the phosphorus in 2-AEP available to dinoflagellates. It is interesting to note that in the filtrate incubation experiment the DIP concentration continued to increase even when there was a high concentration of added DIP in the culture. This observation indicated that the catabolism of 2-AEP was Pi-independent, which is consistent with early studies showing that 2-AEP catabolism in some bacteria is not restricted by the presence of Pi (Quinn et al., 2007) . From the normal cultures we noted that the amount of Pi released from 2-AEP through the action of bacteria was rather high, sufficient to support the growth of dinoflagellates, indicating that these bacteria have quite a strong ability to cleave 2-AEP and release Pi into the environment.
An "acclimation period" for phosphonte utilization has been described in bacteria as well as in cyanobacteria (Kononova and Nesmeyanova, 2002; Gomez-Garcia et al., 2010) . Similar results were also observed in our work, and the different lag periods preceding net growth in different dinoflagellate species might be due to differences in the species composition of the microbiomes associated with the dinoflagellate cultures (Figures 1A, 3) .
Bacteria that are able to metabolize phosphonates are widely distributed in the marine environment (Villarreal-Chiu et al., 2012). Considering that phosphonates contribute 25% of highmolecular-weight DOP in the ocean, the utilization of natural phosphonates through the mediation of bacteria could supply a substantial amount of Pi to phytoplankton in the euphotic zone of P-limited waters. Further study is needed to gain understanding on whether some of the bacteria are physically associated with the dinoflagellates, as many bacteria have been shown to have intimate association with algae in the algasphere (Seyedsayamdost et al., 2011) .
Phosphonate Metabolism in Dinoflagellates
Our search into various datasets showed that genes encoding PhnW and PhnX occur widely in dinoflagellate species (Table 1) .
It is curious what role PhnW and PhnX may play while they do not facilitate utilization of external 2-AEP. We found that besides PhnW and PhnX, genes encoding PepM and Ppd, the two key enzymes involved in phosphonate biosynthesis in microorganisms (Metcalf and van der Donk, 2009) , are also widely distributed in dinoflagellate species. Thus, it is apparent that a phosphonate metabolism pathway including both the biosynthesis and hydrolysis of 2-AEP exist inside dinoflagellate cells. As conceptually shown in Figure 5 , the biosynthesis of 2-AEP from phosphoenolpyruvate (PEP) can occur through a pathway consisting of PepM, Ppd, and PhnW, while the PhnW-PhnX pathway can function to metabolize (recycle) the intracellular 2-AEP. Because PepM and PhnW catalyze reversible reactions, PhnW can take part in not only the hydrolysis but also the biosynthesis of 2-AEP. Extracellular 2-AEP cannot be utilized by dinoflagellates apparently due to the absence of 2-AEP transporters in the cell membrane, as initially suggested by the lack of a gene homolog in the genome of S. kawagutii (Lin et al., 2015) and many transcriptomic datasets of other dinoflagellate species.
Phosphonates could be a component of membrane phosphonolipids in primitive life forms, and they could increase the rigidity of outer-membrane structure and protect cells from the degradation of enzymes such as phosphatases (Quinn et al., 2007) . As such it is no surprise that dinoflagellates, probably other groups of phytoplankton as well, have the genetic potential to synthesize phosphonates. Furthermore, phosphonates might also exist in phytoplankton cells as a form of P storage, which is produced during abundant supply of Pi to sustain phytoplankton growth during Pi-limitation (Ternan et al., 1998) . However, the exact function of phosphonates and the PhnW-PhnX pathway in dinoflagellates remains to be further investigated.
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